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[57] ABSTRACT 

A highrfrequency, low-gate leakage, low-noise, lateral 
junction field-effect transistor has a short, heavily 
doped channel of length determined by the dimensions 
of a backgate within a semiconductor substrate, and a 
more lightly doped drift region adjacent to the channel. 
A source region is formed on an end of the channel 
spaced from the drift region, and a drain region is 
formed on an end of the drift region spaced from the 
channel, such that the current flowing between- the 
source and drain regions passes through channel and 
drift region. A gate electrode of material opposite to the 
channel forms a rectifying junction with the channel, 
and an electric field developed in the channel between 
the gate electrode and the backgate in response to gate 
and drain potential controls current flow between 
source and drain. The gate electrode overlays the drift 
region enough that the depletion region that forms with 
the application of drain potential moves away from the 
channel and semiconductor surface. 
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swing. While increasing doping of the channel increases 

HIGH FR EQUEN CY, HIGH POWER FTfiLD the drain current swing, thereby tending to increase 

EFFECT TRANSISTOR ; transistor power, at some point the decrease in break- 
down voltage more than offsets the increase in drain 

BACKGROUND OF THE INVENTION 5 current Thus the power handling capability of a short 

The present invention relates in general to field-effect channel, high frequency field-effect transistor is limited 
transistors ("FETs") and in particular to an FET having b Y its low breakdown voltage, 
a drift region adjacent to a channel formed between a Power handling capability of a short channel field- 
gate electrode and a double-diffused, back gate. effect transistor is further limited when high gate input 

A junction-field-effect transistor ("JFET") or a met- 10 impedance is to be maintained. Field-effect transistors 
al-semiconductor field-effect transistor (MESFET) are normally operated in saturation where electrons 
comprises a semiconductor channel separating ohmic pass at high velocity through a portion of the channel in 
source and drain regions such that a positive potential : which the electric field is high, and some of the high 
between drain and source causes electrons to flow from velocity electrons collide with and ionize atoms of the. 
source to drain. A gate electrode forms a rectifying 15 semiconductor material to produce electron-hole pairs, 
junction with the channel causing an insulating deple- The electrons migrate to the drain, but the holes tui- 
tion region to extend from the junction into the channel. grate to the gate, thereby increasing gate "leakage cur- 
In a JFET the gate electrode is semiconductor material rent" and decreasing gate input impedance. The electric 
and forms a pn junction with the channel, while in a field developed in the channel, and therefore the ioniza- 
MESFET the gate electrode is metallic and forms a 20 tion rate, increase with channel doping and drain volt- 
metal-semiconductor junction with the channel. In ei- age . While heavy impact ionization produces avalanche 
ther case, as the rectifying junction is increasingly re- breakdown at the breakdown voltage, at lower drain 
verse biased, or as the drain-to-source voltage increases, voltages impact ionization can result in an intolerable 
the depletion region extends farther into the channel, gate le^ge current. Thus, in a high frequency field- 
narrowing the portion of the channel that can support 25 ef&ct ^ ^ h doping of the channel limits 
drainsource current arid mcreasing its resistance. Thus the drain volta that the fie id-effect transistor can 
the resistance of the channel is a function of both the drawi a x te current| ^ tnere . 
gate and dram potentials. Channel resistance i^also fore Jaces restriction on tfle r that the 
affected by the resistivity of the semiconductor material transistor can handle 

formmg thechannd anU by the dimensions of ^ 30 ^ er . ^ fidd . effect transistor 

nel, including its 'length in the direction ^ of current ^ ^ "punch-through" phenom- 

flow between the dram and source, its "depth" perpen- y ™ uuuwu w> uk H uiiw* uuuu » . 

dicular to the direction of current flow and perpSu- ^ ** drmn volta S e t mcre f * above pmchoff, he 

lar to plane of the rectifying junction, and its "width" ^ et ! on ^ on toward the source ' When * e 

perpendicular to the direction of current flow and par- 35 depletion is near the source, majority earners in the 

allel to the plane of the rectifying junction. * e ? on can be «* b * th ^ rm ^ "^J 1 * mi0 
The frequency at which a field-effect transistor can depletion region and then swept by the field therein 
operate depends primarily on the mobility of the elec- t0 the Tta* when the dram voltage is above a 
irons in the channel material and on the length of the "punch-through* voltage, drain current can increase 
channel. Thus to maximize operating frequency, the 40 rapidly. For a short channel field-effect transistor, the 
channel length should be as short as possible. However, punch.through voltage is typically below the break- 
channel lengths in field-effect transistors of the prior art down voltage and therefore in a short channel field- 
are determined by the dimensions of masks utilized in effect transistor, the punch-through voltage has a more 
their fabrication, and dimensional tolerance with which limiting effect „on the field-effect transistor's power 
these masks can be fabricated makes it difficult to pro- 45 handling capability than the breakdown voltage, 
duce field-effect transistors with - very short channel SUMMARY OF THE INVENTION 
lengths.. 

Even when field-effect transistors with short channel In accordance with one aspect of the invention, a 
lengths can be fabricated, the channel length must be high-frequency, high-power field-effect transistor corn- 
larger than the channel depth in order to provide for 50 prises a short, heavily doped, channel region and an 
adequate gate control over current flow. Consequently, adjacent, more lightly doped "drift" region of the same 
as the gate channel length is decreased to permit higher conductivity type (p or n). A source region is formed on 
frequency operation, the channel depth must also be a 11 ei *d of the channel region, spaced from the drift 
decreased. But the reduction in channel depth increases region, and a drain region is formed on an end of the 
channel resistance at all levels of drain potential and 55 drift region, spaced from the channel region. A gate 
reduces the drain current swing in response to gate electrode forms a rectifying junction with the channel 
potential swing. Since the "power" of a transistor is thereby producing a depletion region within the chan- 
proportional to the product of the maximum drain volt- nel, the depletion region having dimensions controlled 
age swing and maximum drain current swing that it can by the potentials of the gate and drain with respect to 
handle, an increase in channel resistance reduces transis- 60 the source. At various levels of gate potential, a positive 
tor power. potential between drain and source causes carriers to 

Channel resistance can be decreased by increasing the . flow from the source region, through the channel re- 
doping level within the channel region, but as the dop- gion, through the drift region, and then into the drain 
ing level increases, the breakdown voltage of the field- region. 

effect transistor decreases. The breakdown voltage is 65 The short channel permits the field-effect transistor 

the maximum drain voltage that can be tolerated with- to operate at high frequency, and the drift region per- 

out breakdown of the depletion region,' and the break- mits the field-effect transistor to operate at high power, 

down voltage places an upper limit on the drain voltage As the drain potential increases, the depletion region 
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tends to grow into the more lightly doped drift region, 
toward the drain, rather than into the more heavily 
doped channel, toward the source. Therefore the 
punch-through voltage remains high and does not limit 
the power of the field-effect transistor. In addition, the 
rapid growth of the depletion region into the drift re- 
gion, rather than into the channel, prevents a large 
electric field from developing in the channel. Thus 
electrons in the channel do not reach high velocities 
that can result in substantial impact ionization. Since 
avalanche breakdown in the depletion region and gate 
leakage are caused by impact ionization, the drift region 
increases the breakdown voltage and minimizes gate 
leakage current due to impact ionization. 

In accordance with another aspect of the invention, 
the channel length is determined by the diffusion depths 
of a double-diffused backgate. Inasmuch as diffusion 
depths can be controlled more accurately than mask 
dimensions, the channel length is controlled more accu- 
rately than in field-effect transistors of the prior art in 
which channel length is determined by mask dimen- 
sions. 

It is accordingly an object of the invention to provide 
a high-frequency, high power transistor having low 
gate current leakage. 

The subject matter of the present invention is particu- 
larly pointed out and distinctly claimed in the conclud- 
ing portion of this specification. However, both the 
organization and method of operation of the invention, 
together with further advantages and objects thereof, 
may best be understood by reference to the following 
description taken in connection with accompanying 
drawings wherein like reference characters refer to like 
elements. 

DRAWINGS 

FIGS. 1-5 are sectional views of a lateral junction 
field-effect transistor in accordance with the present 
invention following successive stages of construction; 

FIG. 6-8 are expanded sectional views of a portion of 
the junction field-effect transistor of FIG. 5; and 

FIGS. 9-13 are sectional views of a vertical junction 
field-effect transistor in accordance with the present 
invention following successive stages of construction. 



DETAILED DESCRIPTION 

With reference to FIGS. 1-5, a lateral junction field 
effect transistor (JFET) is constructed in accordance 
with the present invention starting with an n-type semi- 
conductor substrate 10 (such as silicon, gallium arse- 
nide, etc.) into which p-type dopants are diffused to 
form ap+ region 12. Thereafter, n-type dopants are 
diffused into the p-|- region 12 (through the same mask 
used to form region 12), thereby forming an n+ region 55 
14 therein (FIG. 1). An n- epitaxial layer 16 is deposited 
on substrate 10 covering regions 12 and 14, and the p+ 
and n-f dopants of regions 12 and 14 diffuse into the 

epitaxial layer 16 (FIG. 2). Then n-type material is dif- n 1Wfc4ttWM m lcaiia 

fused into the epitaxial layer 16 to form an n region 18 60 increase's theTreal^ ofTh?JFET. C A 

r\T lace rocicfiififti 4lin« 1mm. 1 £. /T?TA a * - /* _ - « 



of less resistivity than layer 16 (FIG. 3). A pair of n+ 
regions 20 and 22 are diffused into the epitaxial layer 16, 
with region 20 extending partly into region 18 (FIG. 4). 
Thereafter, as illustrated in FIG. 5, a p+ region 24 and 
a p+ backgate contact region 26 are diffused into the 65 
epitaxial layer 16. Region 24 is situated between regions 
18 and 22 and extends partly into region 18 to align over 
region 15. Metallic contacts 28, 30 and 32 are then de- 



posited on top of regions 20, 42, and 32, respectively, 
with contact 28 extending over region 26. 

FIG. 5 shows the completed JFET having region 20 
as its source, region 22 as its drain and region 24 as its 
5 gate. Regions 12 and 14 define a backgate 15, which is 
tied to source 20 via backgate contact region 26 and 
contact 28, and a portion of region 18 forms a channel 

21 between backgate 15 and gate 24. When silicon is 
employed as substrate 10, the doping of substrate 10 and 

10 epitaxial layer 16 are suitably adjusted for a resistivity of 
4.0 Ohm-cm, and the doping of the n-channel diffusion 
region 18 is suitably adjusted for resistivity of 0.25 
Ohm-cm. The channel depth (i.e., its vertical dimension 
in FIG. 5) is deterrnined by the diffusion depth of gate 

15 region 24, and the channel length (i.e., its horizontal 
dimension in FIG. 5) is determined by a combination of 
the diffusion depths of regions 12 and 14. Inasmuch as 
diffusion depths can be accurately controlled, the chan- 
nel length and depth may be adjusted for relatively 

20 short dimensions. In a silicon-based JFET, the length" of 
channel 21 is suitably on the order of 1 micron and the 
depth of the channel is suitably about 0.7 micron. The 
drift region is suitably about 8 microns long. (It should 
be understood that relative dimensions in FIGS. 1-5 

25 have been exaggerated for illustrative purposes.) 

Thus FIG. 5 shows an n-channel JFET comprising a 
relatively heavily doped, short n-channel 21 and an 
adjacent, more lightly doped n-type "drift" region 23. 
The source region 20 is formed on an end of the channel 

30 21 spaced from the drift region 23, and the drain region 

22 is formed on an end of the drift region 23 spaced 
from the channel 21. The p4* gate region 24 forms a pn 
junction with the channel region 21, thereby producing 
a depletion region within the channel having dimen- 

35 sions controlled by the potentials of the gate region 30 
and drain region 22 with respect to the source region 20. 
At various levels of gate potential, a positive potential 
between drain and source regions 22 and 20 causes 
electrons to flow from the source region, through the 
40 channel 21, through the drift region 23, and then into 
the drain region 22. 

FIGS. 6-8 show an expanded sectional view of re- 
gion 18 and its bordering regions as the potential of 
drain region 22 increases from pinchoff voltage in FIG. 
45 6 to a relatively higher value in FIG. 8. A the drain 
potential increases, the depletion region 25 tends to 
grow into the more lightly doped drift region 23, 
toward the drain rather than towards the source region 
20. The distance between the source region 20 and the 
50 depletion region 25 tends to remain relatively constant 
with increasing drain voltage, and therefore the punch- 
through voltage remains high and does not limit the 
power of the JFET. In addition, the thickness of the 
depletion region 25 grows rapidly as drain voltage in- 
creases, preventing buildup of large electric fields in the 
depletion region which can accelerate electrons to high 
velocities and cause substantial impact ionization. Since 
the drift region minimizes impact ionization at all levels 
of drain voltage, it reduces gate leakage current and 

sili- 



con-based JFET having a channel length and depth of 
about 1 and 0.7 micron respectively, an 8 micron wide 
drift region, 0.25 Ohm-cm channel resistivity, and 4.0 
Ohm-cm drift region resistivity, is capable of handling 
approximately 100 volt peak drain-source potentials at 
operating frequencies on the order of 2 GHz. 

With reference to FIGS. 9-13 a vertical junction field 
effect transistor in accordance with the present inven- 
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tion is constructed starting with a heavily doped (n+) minimizing punch-through and gate leakage current 

substrate 42 (the drain region) upon which a lightly and maximizing breakdown voltage, 

doped (n 4-) epitaxial layer 40 is deposited. A pair of p-f . Although the preferred embodiment of the present 

regions 44 and 46 are diffused into epitaxial layer 40, • invention is an n-channel JFET, the invention may be 

and usmg the same mask, a pair of n+ regions 48 and 50 5 implemented as a p-channel JFET by reversing the 

are diffused into the p+ regions 44 and 46, respectively conductivity types (p and n) of the semiconductor re- 

(FIG. 9), thereby forming, a backgate 45. An n-type gions in FIGS. 5 and 13. The present invention may also 

. epitaxial region: 52 is then deposited on layer 40 cover- be implemented as a metal-semiconductor field-effect 

ing regions 44-50 which subsequently diffuse into layer transistor (MESFET). A MESFET is similar to a JFET 

52 (FIG. 10). Portions of layers 40 and 52, along with 10 but the gate in a MESFET is a metal, rather then a 

. portions of regions 44-50, are removed by anisotropic semiconductor, and forms a metal-semiconductor recti- 

etching (FIG. 11), and a pair of n+ source regions 54 fying contact with the channel rather than a pn junc- 

and 56 are diffused into layer 52 (FIG. 12). Backgate tion. Nonetheless, a depletion region forms in the MES- 

contact p-h regions 60, 62 and a gate region 58 are FET channel as a result of the metal-semiconductor 

diffused into the structure, the backgate contact regions 15 junction and changes in size and shape in accordance 

extending into regions 44 and 46 and contacting source with the gate and drain voltages so as to control drain 

regions 54 and 56. Gate region 58 extends into layer 52 current in much the same way that it is controlled in a 

above backgate 45. Metallic contacts layers 64, 66 and JFET. The lateral JFET of FIG. 5 can be converted to 

68 are deposited on top of source regions 54 and 56 and a MESFET by eliminating the p+gate diffusion 24. 

gate region 68, respectively, with contacts 64 and 66 The metallic contact 30 then forms a metal-semiconduc- 

extending over backgate contact regions 60 and 62, tor junction with channel 18. In such case, the width of 

respectively. The backgate contact regions 60 and 62, the channel 18 is still controlled by the relative diffusion 

n+ regions 48 and 50, backgates 44 and 46 and source depths of regions 12 and 14 but the depth of the channel 

regions 54 and 56 may form rectangular or circular ^ is controlled by the thickness of layer 16. Similarly the 

rings when viewed from above. The ring formed by vertical JFET of FIG. 13 can be converted to a MES- 

backgate contact regions 60 and 62 acts as a voltage FET by eliminating the gate diffusion 58 such that 

field terminating ring around the transistor's periphery metal contact 68 forms a rectifying junction with region 

for enhanced high-voltage operation. 52. 

The channel region of the transistor of FIG. 13 is 3Q While a preferred embodiment of the present inven- 
fonried between the gate region 58 and backgate 45. tion has been shown and described, it will be apparent 
The length of the channel is determined by the relative to those skilled in the art that many changes and modifi- . 
diffusion depths of backgate regions 44 and 46 with cations may be made without departing from the inveh- . 
respect to the n-f regions 48 and 50, rather than by tion in its broader aspects. The appended claims are 
mask dimensions, and therefore may be accurately con- 35 therefore intended to cover all such changes and modi- 
trolled to a small value. The channel depth is controlled ficarions as fall within the true spirit and scope of the 
by the diffusion depth of gate 58 and the thickness of invention, 
layer 52, and is therefore also accurately controllable. I claim: 

The n-epitaxial region 40 of FIG. 13 forms a lightly 1. A lateral field-effect transistor comprising: 

doped drift region into which the depletion region sur- 40 a doped semiconductor channel formed in a semicon- 

rounding the pn junction between gate region 58 and ductor substrate; 

channel region 52 grows as the drain voltage increases. a doped semiconductor drift region formed in said 
The drift region in the vertical JFET of FIG. 13 pro- semiconductor substrate, laterally adjacent to the 
vides the same benefit as the drift region of the lateral channel and less heavily doped than said channel; 
JFET of FIG. 5 in terms of limiting growth of the 45 a doped semiconductor source formed near a surface 
depletion region into the channel as the drain potential of one side of said semiconductor substrate, later- 
increases, thereby preventing build-up of high electric , ally spaced from the drift region and contacting the 
fields in the channel which can cause increased gate channel; 

leakage current or avalanche breakdown due to impact a doped semiconductor drain formed near said sur- 

ionization. In a silicon-based vertical JFET, the channel 50 face of said semiconductor substrate, contacting 

length and depth are suitably 1.0 and 0.07 microns, the drift region and laterally spaced from the chan- 

respectively, the drift region is suitably 8 microns deep, nel, said channel and said drift region providing a 

and channel and drift region 40 resistivities are suitably conductive path for current flowing laterally be- 

0.25 and 4.0, respectively. This combination produces a tween said source and said drain; and 

JFET capable of operating at 2 GHz while handling 55 a conductive gate formed near said surface of said 

100V drain potentials. semiconductor substrate, laterally spaced from said 

Thus, in accordance with the present invention, a source and drain, contacting said channel and drift 

high-frequency; high-power JFET comprises a heavily region and forming a rectifying junction therewith, 

doped, channel region and an adjacent, more lightly 2. A field-effect transistor comprising: 

doped drift region. A heavily doped source region abuts 60 a doped semiconductor channel; 

the channel region spaced from the drift region, a gate a doped semiconductor drift region laterally adjacent 

region abuts a portion of the channel region between to the channel and less heavily doped than said 

the source and drift regions, and a drain region, spaced channel; 

from . the channel region, abuts the drift region. The a doped semiconductor source contacting the chan- 

lightly doped drift region between the drain and chan- 65 nel and spaced from the drift region; 

nel regions absorbs much of the depletion region devel- a doped semiconductor drain contacting the drift., 

oped around the pn junction formed between the gate region and spaced from the channel, said channel 

and channel as the drain potential increases, thereby. - and said drift region providing a conductive path 



09/25/2002, EAST Version: 1.03.0002 



4,843,- 

7 

for current flowing laterally between said source 
an said drain; and 

a conductive gate electrode contacting said channel 
and drift region forming a rectifying junction 
therewith, 5 

wherein said channel is formed in a semiconductor 
substrate and has a dimension in a direction of 
current flow in said channel between said drain and 
source determined by at least one diffusion within 
said semiconductor substrate. 10 

3. A lateral field-effect transistor comprising: 

a channel comprising semiconductor material of first 
conductivity type and of first resistivity; 

a drift region comprising semiconductor material of 
said first conductivity type abutting said channel 15 
and having resistivity greater than said first resis- 
tivity; 

a source comprising semiconductor material of said 
first conductivity type spaced from said drift re- 
gion, and abutting said channel; 20 

a drain comprising semiconductor material of said 
first conductivity type spaced from said channel 
and abutting said drift region and separated from 
said channel by said drift region; and 



8 

a gate comprising semiconductor material of a second 
conductivity type, laterally spaced from said 
source and drain, abutting said channel and drift 
region and forming a rectifying contact therewith, 
the drain, source, gate and drift region being 
formed near the surface of one side of a semicon- 
ductor substrate. 

4. The transistor in accordance with claim 3 further 
comprising a backgate comprising material of a second 
conductivity type abutting said channel, said gate and 
backgate being spaced one from another and positioned 
with respect to said source and drain regions such that 
current flowing in said channel between said source and 
drain passes between said gate and backgate, and 
wherein said channel has a dimension in a direction of 
current flow in said channel between said drain and 
source determined by a dimension of said backgate. 

5. The transistor in accordance with claim 4 wherein 
the backgate has a dimension in the direction of current 
flow smaller than said channel, positioned with respect 
to said channel such that the edge of said backgate 
facing the drain is aligned near, but not beyond, the end 
of said channel. 

***** 
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